While high-dose chemotherapy and stem cell transplantation is associated with higher complete response rates than conventional chemotherapy in patients with metastatic breast cancer (MBC), its role in conferring a survival advantage is unproven. We report the results of a prospective phase II trial of 33 patients accrued between 1996 to 1998 with chemosensitive MBC, who received cyclophosphamide (Cy) 2000 mg/m 2 /day and carboplatin (Cb) 600 mg/m 2 /day for 3 consecutive days, followed by infusion of peripheral blood stem cells cultured in IL-2 for 24 h on day 0 as adoptive immunotherapy. Low-dose interleukin-2 (IL-2) was administered from day 0 to ؉4 and/or ؉7 to ؉11, ؉14 to ؉18, ؉21 to ؉25, then 5 days per month for 11 months to augment a graft-versus-tumor effect. The results of this study were compared to those of a historical control group treated with an identical high-dose Cb ؉ Cy regimen with SCT but without IL-2 treatment. Only gastrointestinal (GI) toxicity was more frequent in the IL-2 cohort (P = 0.0031). At a median follow-up of 18.6 months, the median progression-free survival (PFS) is 9 months (2.4-40) and the median OS has not been reached yet. The Kaplan-Meier estimated 2 year PFS is 35%, compared with 17% in the control arm (P = 0.73), and the estimated 2 year OS is 78%, compared with 61% in the control arm (P = 0.22). Multivariate analysis showed that ER status was an independent predictor for OS and PFS, and less chemotherapy prior to HDCSCT predicted for a better PFS. These results show that augmenting HDC with IL-2 activated SCT is well-tolerated. Whether a therapeutic advantage is achievable in patients with MBC remains to be determined. Bone Marrow Transplantation (2000) 25, 19-24.
Immunotherapeutic strategies have shown promising antitumor activity in animal and human studies. Immune modulation provides a potentially non cross-resistant modality to eradicate residual disease following maximal cytoreduction with high-dose chemotherapy. 1 Interleukin-2 (IL-2)-activated autologous stem cells followed by low-dose maintenance parenteral IL-2 resulted in successful hematopoietic engraftment, reduced tumor cell contamination in the graft, increased cytotoxic effector cells that induced a graft-versus-tumor (GVT) effect and a significantly better OS in mice compared with mice that only received conventional HDCSCT. 2, 3 More recently in a human study, the incubation of hematopoietic stem cells in low doses of IL-2 was shown to generate activated killer cells with potent in vitro major histocompatibility complex (MHC) unrestricted antitumor cytotoxicty. [4] [5] [6] This cytotoxicity compared favorably with the anti-tumor cytotoxicity of peripheral blood lymphocyte-activated killer (LAK) cells. 7 A recent phase I study 4, 8 showed that high-dose carboplatin (Cb) and cyclophosphamide (Cy) followed by the infusion of autologous hematopoietic stem cells (HSC) activated by in vitro incubation with IL-2 for 24 h with subsequent low-dose parenteral IL-2 resulted in successful engraftment and acceptable toxicities in patients with stage II-IV breast cancer. In this series, IL-2-activated stem cells were shown to induce an in vitro cytotoxicity against breast cancer cell lines that was not seen with pre-activated stem cells. The subsequent low-dose IL-2 may have provided a continued GVT effect without the attendant toxicities associated with high-dose IL-2. 9 We now report the results of a phase II clinical study of high-dose carboplatin with cyclophosphamide followed by the infusion of IL-2-activated peripheral blood stem cells and maintenance low-dose parenteral IL-2. Our study aimed to assess the tolerability and efficacy of this regimen in metastatic breast cancer (MBC), a uniformly fatal disease with a median survival of 2 years.
Patients and methods

Patient selection
Between April 1996 and September 1998, 33 consecutive female patients with histologically confirmed, chemosensi-tive de novo MBC or MBC diagnosed following relapse after treatment with adjuvant chemotherapy for operable disease were enrolled on this study. Eligibility criteria included: age range of 18-65 years, ECOG performance status 0-2, adequate bone marrow function (absolute granulocyte count of Ͼ1000/l, total WBC у4000/l, hemoglobin of Ͼ10 g/dl and a platelet count of у10 5 /l), acceptable liver function including bilirubin р2.0 mg/dl, SGOT and SGPT Ͻ2 times the upper limit of normal range and a negative hepatitis B surface antigen and adequate renal function (serum creatinine р1.5 mg/dl and creatinine clearance of Ͼ60 ml/min). An acceptable cardiac and pulmonary status with left ventricular ejection fraction у45% by radionuclide scan and DLCO Ͼ60% of predicted value were also required. All patients provided written informed consent. The protocol was approved by the Institutional Review Board of the Massachusetts General Hospital (MGH). All patients were treated at the MGH.
High-dose chemotherapy treatment plan
Peripheral blood stem cells (PBSC) were mobilized with cyclophosphamide 3 g/m 2 i.v. followed by recombinant myeloid growth factor (G-CSF) at a dose of 5 g/kg subcutaneously. Leukopheresis was performed once the peripheral WBC reached Ͼ1 ϫ 10 9 /1 using a Cobe Spectra Cell Separator (Cobe Laboratories, Lakewood, CO, USA) and continued daily until Ͼ5.0 ϫ 10 8 /kg mononuclear cells were collected. Peripheral blood stem cells (PBSC) were cryopreserved at Ϫ200°C using DMSO as a cryoprotectant. The conditioning regimen schedule consisted of: cyclophosphamide 2000 mg/m 2 /day administered i.v. over 2 h on days Ϫ5, Ϫ4 and Ϫ3, carboplatin 600 mg/m 2 /day administered i.v. immediately following cyclophosphamide also on days Ϫ5, Ϫ4 and Ϫ3; and Mesna (sodium 2-mercaptoethane sulfonate) 15 mg/kg i.v. administered 15 min prior to and 3, 6 and 9 h following cyclophosphamide to prevent hemorrhagic cystitis. The anti-emetic regimen included dexamethasone 20 mg i.v., diphenhydramine 25-50 mg i.v., lorazepam 1 mg i.v., and either granisetron at 1 mg twice a day or ondansteron 8 mg every 8 h prior to start of HDC. The details of supportive care have been previously described. 10 
Interleukin-2 activation of PBSC and interleukin-2 therapy
On day Ϫ1, harvested PBSC were thawed rapidly in a 37°C waterbath and then incubated in 5% CO 2 in X-VIVO serum-free medium (BioWhittaker, Walkersville, MD, USA) containing 50 g/ml of gentamicin. A portion of the patient's PBSC was stored as backup without IL-2 activation. The PBSC to be infused were then treated with 6000 IU IL-2/ml (Chiron, Emeryville, CA, USA) at an approximate concentration of 10 ϫ 10 6 cells/ml in Baxter LIFE cell culture bags. On day 0, 24 h after IL-2 activation of PBSC, the contents of the 1 liter bags were harvested on the Fenwall CS 3000 cell separator (Baxter Healthcare), and collected sterilely into receiving bags in 200 ml of normal saline.
IL-2 was administered subcutaneously at a daily dose of /day in the remaining 24 patients. In the first 11 patients, IL-2 was administered from transplant day 0 to day ϩ4, days ϩ7 to ϩ11, ϩ14 to ϩ18, ϩ21 to ϩ25, and then for 5 days monthly for 12 months. To reduce toxicity and shorten the time to hematologic recovery, week 2 of IL-2 therapy was replaced in the remaining 24 patients with 5 days of G-CSF 5 g/kg on days ϩ7 to ϩ11. All study patients received IL-2 as a twice daily divided dose. All 33 patients were instructed to administer IL-2 for 5 days each month for an additional 11 months. Pentoxyfylline at an oral dose of 400 mg three times per day was administered to ameliorate IL-2-related symptoms. Patients who relapsed following HDCSCT on this study did not continue further maintenance IL-2.
Statistical analysis
Progression-free survival (PFS) was calculated from the first day of high-dose chemotherapy (HDC) to the first documented evidence of treatment failure (local or systemic relapse or treatment-related death). Death due to all causes was used as the endpoint for overall survival (OS). PFS and OS were estimated according to the Kaplan-Meier productlimit method in the IL-2-treated study patients. 11 An additional cohort of 29 patients with the same eligibility criteria was treated at the MGH between 1993 and 1997 in a different trial with an identical high-dose chemotherapy schedule but without IL-2. This separate cohort of patients was also analyzed for PFS and OS, and served as a historical control group. The statistical analysis of differences observed in PFS and OS between the two groups was assessed by the log-rank test. 12 To adjust for any confounding factors, and to assess the relative importance of different prognostic variables for survival, the Cox proportional hazards model was used. 13 Estrogen receptor (ER) status, number of metastatic sites, sites of metastasis (visceral or non-visceral), previous disease-free interval (time to relapse), numbers of lines of chemotherapy and response to induction chemotherapy just prior to HDCSCT were included as covariates in the regression model.
Results
Patient characteristics
Thirty-three consecutive female patients with histologically confirmed MBC were enrolled onto this prospective phase II study (Table 1 ). The median age of the 33 patients was 47 years (range 28-60 years). Seven patients (21.2%) had de novo MBC and 26 patients (78.8%) had relapsed after surgery and/or adjuvant or neoadjuvant chemoradiotherapy for stage I to III breast cancer. The previous median disease-free interval in this subgroup was 26 months (range 2-144 months). The median time from diagnosis of MBC to HDCSCT was 8 months (range 5-116 months). Almost all patients were previously exposed to doxorubicin-containing (n = 30 or 91%) and/or cyclophosphamide-contain- ing regimens (n = 31 or 94%) prior to HDCSCT. All 33 patients had chemosensitive disease.
Hospital course
All patients received their planned treatment at the MGH. The mean number of infused post-IL-2 incubated CD34 ϩ progenitor cells/kg and nucleated cells/kg were 11.97 Ϯ 2.6 ϫ 10 6 CD34 ϩ stem cells/kg and 3.32 Ϯ 0.25 ϫ 10 8 nucleated cells/kg respectively. One of 33 patients did not receive IL-2-activated stem cells because the stem cell bacterial culture demonstrated gramnegative rods identified as Pseudomonas putida, and so she received untreated PSCT. She was still included in the IL-2 treatment group for the 'intention-to-treat' analysis. All patients achieved successful engraftment (ANC Ͼ 500/l) with a median time to engraftment of 11 days (range 8-17 days). The median engraftment in the historical control group (non-IL-2 treatment group) was 9 days, the difference between the two groups being significant (P = 0.0001). The median length of hospital stay in the IL-2 treatment group was 18 days (range 7-27 days). The median length in the historical control study was 15 days, the difference between the two groups also being significant (P = 0.0001).
An in-hospital temperature of у38°C was detected in 28 of 33 patients with a median duration of 2 days (1-12 days) per febrile patient. Twenty-three (70%) patients required broad-spectrum antibiotics (the majority receiving ceftazidime and vancomycin) for the management of febrile neutropenia. Two of the 23 patients (UPN 189, UPN 267) yielded Bone Marrow Transplantation positive blood cultures of Streptococcus mitis and coagulase-negative Staphylococcus aureus respectively which were successfully treated.
Toxicity
Toxicities were graded according to the Seattle transplant program criteria. There was no treatment-related mortality ( Table 2) . None of the patients developed organ failure or required medical intensive care management. Also, there was no evidence of hepatic veno-occlusive disease among the 33 patients. Gastrointestinal (GI) toxicity of у grade 2 was the most common organ-site toxicity encountered in the study group (23%). While grade 3 toxicity was absent from the historical cohort, there were two grade 3 toxicities in the study group, one skin and one GI. The grade 3 skin toxicity began on day ϩ7 post transplant and progressed to an extensive erythematous maculopapular rash covering Ͼ50% of the body surface area, associated with fever, chills and diarrhea. Her skin biopsy was inconclusive and the skin rash recurred and was clinically diagnosed as erythema multiforme. This necessitated a 50% dose reduction of IL-2 from day ϩ15 (dose held on day ϩ14) and the eventual removal of further IL-2 treatment following hospital discharge. The grade 3 GI toxicity was an episode of large volume bloody diarrhea, which eventually resolved with symptomatic treatment. Only gastrointestinal (excluding liver) toxicity was significantly more frequent in the patients in the IL-2 group (P = 0.0031). However, 17 of these 22 patients developed grade 2 GI toxicity prior to infusion of IL-2-activated stem cells (Ͻday ϩ0), and only five patients developed it after day ϩ0, with three of these five patients having received the higher doses of IL-2 amongst the first 11 treated study patients.
Within 24 h of receiving IL-2-activated stem cells, nine patients (27%) remained symptom-free, whereas 24 patients (73%) experienced transient chill and/or rigors lasting minutes that were successfully terminated with i.v. meperidine. Three patients had transient oxygen desaturation which resolved rapidly with intranasal low-dose oxygen. None of the patients developed significant (Ͼgrade 2) pulmonary toxicity during the stem cell infusion or post transplant.
Of the first 11 patients treated with the higher dose of IL-2 (1.8 ϫ 10 6 IU/m 2 in one patient and 1.0 ϫ 10 6 IU/m 2 in 10 patients), three patients discontinued IL-2 due to toxicity (day ϩ1, day ϩ7 and day ϩ8, respectively) and were not restarted on IL-2 therapy. In the first case, as described earlier, IL-2 was discontinued due to a grade 3 skin rash.
In the second case, the patient decided not to continue with IL-2 due to the presence of fever, nausea, vomiting, diarrhea and myalgias. The third patient was removed from IL-2 therapy due to a sustained temperature of Ͼ39°C. Eight additional patients were not given the full dose of IL-2 in the second week due to the development of significant side-effects including: fever of Ͼ39°C with nausea, vomiting and diarrhea. In each of these cases, IL-2 was resumed on the third week at half the dose. For this reason, the next 24 patients were treated at a 50% dose reduction of IL-2 at 5. The data is represented as actual patient and percentage patient numbers. In the statistical comparison, only GI toxicity was significantly greater in the IL-2 treatment group (P = 0.0031) compared to the historical control group and there were no life-threatening GI toxicities in either group of treated patients.
discontinued IL-2, one for non-toxicity-related reasons, and in the second case, because of supraventricular tachycardia on day ϩ14 post transplant. In patients who completed the full 12-month IL-2 regimen, there were no reports of significant toxicities. IL-2 treatment was also discontinued in 20 patients who relapsed.
Treatment outcome
With a median follow-up of 18.6 months (range 4.7-40 months), 20 patients have relapsed and six patients have died. The median progression-free survival (PFS) is 9 months and median OS has not yet been reached. The Kaplan-Meier (KM) estimated 2 year PFS is 35% (95% CI of 15-54%), and the 2 year OS rate is 78% (95% CI of 62-94%) (Figures 1 and 2) . By univariate analysis, neither PFS nor OS were significantly different between the IL-2 group and non-IL-2 group (log rank test values of P = 0.73 and P = 0.22, respectively). The 2 year KM estimates of PFS and OS of patients on the historical control group (n = 29) are 17% (95% CI of 3.5-31%) and 61% (95% CI 
Multivariate analysis
We performed a multivariate analysis for both PFS and OS using Cox multiple regression. When PFS was considered, the only independent significant predictors for a favourable PFS were a positive ER status (positive vs negative) (RR = 0.53, 95% CI = 0.32-0.86, P = 0.01) and a low number of prior chemotherapy regimens (RR = 5.2, 95% CI = 2.3-11.8, P = 0.0001). In the multivariate analysis for OS, ER status was again a predictor for OS (RR = 0.43, 95% CI = 0.21-0.86, P = 0.0165). The number of chemotherapy regimens patients received prior to HDCSCT showed a trend towards significance as a predictor for OS, the fewer regimens resulting in better OS (RR = 1.89, 95% CI = 0.93-3.84, P = 0.007). Treatment protocols (IL-2-treated vs non-IL-2-treated group) were not significant for PFS or OS in the multivariate analysis. 
Discussion
Even with HDCSCT, the median time to progression in MBC is 1 year, and the majority of MBC patients (nearly 80%) will still relapse and die of their disease. 14 Furthermore, with more patients receiving adjuvant chemotherapy for resectable breast cancer, eventual relapses are characterized by poorer responses and survival rates to subsequent chemotherapy. 15 Therefore, we have employed an approach combining the cytoreductive efficacy of HDC with a non cross-resistant biological modality which can further provide anti-tumor activity in MBC, especially in the situation of minimal residual disease. Instead of solely rescuing ablated marrow by SCT following HDC, the approach of activating stem cells with IL-2 converts them into an active therapeutic product with proven anti-tumor cytotoxicity. This approach aims in vitro to purge tumor cell contamination in the autograft and in vivo to eradicate residual MBC in the patient, 4 and will hopefully contribute to improve clinical outcome in MBC patients who achieve maximal cytoreduction from HDC. In this study, low-dose maintenance parenteral IL-2 was initiated to further enhance cytotoxic activity of the adoptively transferred IL-2 activated stem cells in vivo (containing killer T cells and activated NK cells). [4] [5] [6] Many human studies have shown that even at low dose (Ͻ1 ϫ 10 6 IU/m 2 /day), IL-2 is capable of inducing NK and antigen-activated T cell proliferation. [16] [17] [18] Several groups have tested the use of induction and maintenance IL-2 following HDCSCT for hematologic malignancies, where increased (10-fold) tumor-lysing NK cells were generated after at least 1 month of maintenance IL-2 (0.25 or 0.5 ϫ 10 6 IU/m 2 /day) in one study, 17 and both CD8 ϩ cytotoxic T cells and NK cells generated in another study of HDCSCT ϩ maintenance IL-2 (1.6 ϫ 10 6 IU/m 2 /day). 16 Our study demonstrated successful engraftment in all patients with received IL-2-activated PBSCT with a median time to engraftment of 11 days, the same as the result reported by Areman et al. 19 With the employment of the eventual low-dose IL-2 (5 ϫ 10 5 IU/m 2 /day) treatment in a schedule allowing for adequate rest intervals, immediate and maximal toxicities of patients on this study were expectably very tolerable. Previous studies have shown that at such low doses of IL-2, only high affinity IL-2 receptors (and not intermediate affinity receptors) are occupied, resulting in the favorable profile of optimal cellular cytotoxicity (T and NK cells) with lesser secondary cytokine production, and hence lesser side-effects and an improved therapeutic index. 20 The infusion of IL-2 cultured stem cells in our cohort was marked only by transient and reversible chills and rigors (73%) easily reversed by i.v. meperidine. Capillary leak syndrome and hypotension were not significant events, and the transient oxygen desaturation during infusion witnessed in three patients was the only possible early feature of this syndrome. Moreover, four patients from the historical control group also developed features suggesting capillary leak syndrome. Febrile episodes and febrile neutropenia were not significantly increased in our study group compared with historical HDCSCT reports. 21 The IL-2-related toxicities in our study were transient and reversible. Only GI toxicities (уgrade 2) were more Bone Marrow Transplantation common in the study arm. However, 77% of the grade 2 GI toxicities occurred before day ϩ0), so that it cannot be totally attributed to IL-2 therapy. Moreover, only three patients treated with the initially higher dose of IL-2 had grade 2 GI toxicities after day ϩ0, while seven experienced these toxicities before day ϩ0, again absolving IL-2 as the cause of these toxicities.
With a trend towards superior survival in the IL-2-treated group, a longer follow-up time and a larger cohort of patients may be necessary to reveal a statistically significant difference between the two treatment arms. Using Cox regression, we did not find that IL-2 treatment was a statistically significant independent predictor of PFS or OS.
We have shown that this treatment strategy does not compromise stem cell viability or engraftment, 19 and is associated with very acceptable immediate and long-term toxicities comparable to a purely HDCSCT regimen. 4 A chemotherapy non cross-resistant treatment adjunct (immunotherapy) may contribute to small volume tumor eradication, 1, 6 since by the Gompertzian model, a smaller tumor load presents with increased tumor growth kinetics, so that maximizing tumor cell kill in the setting of small volume disease is critical. 22 Interleukin-2 activation of stem cells to generate effector T and NK cells which can purge the autograft in vitro and enhance GVT in autologous SCT in vivo is an attractive adoptive cellular immunotherapeutic strategy that can readily be combined with a HDCSCT regimen and potentially improve clinical outcomes in MBC patients.
